ABSTRACT: The chemical and biological effects of biodeposition from a mussel culture were evaluated at multiple spatial scales during the summer of 2003 in Great-Entry Lagoon, eastern Canada. Sediment samples were collected directly under and between mussel lines (positions 10 m apart: 10 m scale) from multiple sites (located ca. 100 m apart: 100 m scale) in each of 3 zones: reference (R), 0+ and 1+ mussel cohort zones (located at least 500 m apart: km scale). In general, redox potential decreased and sulphide concentration increased with sediment depth but did not differ among zones or positions. A clear difference in macrofaunal community structure was observed among R, 0+ and 1+ zones, as well as between the positions directly under mussel lines in 1+ sites (1+ under ) and those between 1+ mussel lines (1+ between ). The benthic community at 1+ under positions was dominated by an opportunistic species (Capitella capitata) and had the lowest diversity and biomass. 0+ sites were characterised by the greatest number of species and biomass, suggesting that some species have benefited from a moderate organic loading from the 0+ mussels. Historical data indicate that the deeper part of the lagoon was a naturally enriched environment. The mussel farm probably contributes to local organic enrichment. Comparison of benthic communities from the present study (> 20 yr after the initiation of mussel aquaculture) in the site to similar historical data from 3 periods (1975 and 1978, before mussel farming; 1982, at the start of farming activities; and 2004, after the 1+ mussel harvest) showed that community structure differed largely because of the greater abundance of deposit feeders in 2003. However, among these 3 periods the differences in benthic community structure were no greater than differences observed between years within the periods. 
INTRODUCTION
Aquaculture production is increasing worldwide, as are concerns about its influence on the environment (see Hargrave 2005) . Suspension-feeding bivalves produce biodeposits (faeces and pseudofaeces) that have greater sinking velocities than their constituent particles (Haven & Morales-Alamo 1966) . Consequently, bivalve biodeposition may increase sedimentation rates under culture sites (by a factor of 1.3 to 5.5; see Hatcher et al. 1994 , Callier et al. 2006 . The accumulation of biodeposits under suspended bivalve culture may lead to local organic enrichment and potentially increased oxygen uptake and ammonium release (Hatcher et al. 1994) , sulphate reduction (Dahlbäck & Gunnarsson 1981) and changes in benthic community structure (Mattsson & Lindén 1983 , Kaspar et al. 1985 .
According to the general model of organic enrichment outlined by Pearson & Rosenberg (1978) , macro-benthic communities subject to increased organic loading will exhibit decreased species richness, increased abundance because of the dominance of opportunistic species, a decrease of total biomass, and shifts in the dominance of trophic groups (Weston 1990) . For example, subsurface deposit feeders are expected to become increasingly dominant with increasing organic enrichment (Pearson & Rosenberg 1978) . However, studies on the influence of suspended bivalve culture on the benthic environment do not show consistent effects. While some studies have observed a lower total number of individuals, a lower species richness (Mattsson & Lindén 1983 , Kaspar et al. 1985 , Chamberlain et al. 2001 , and a dominance of opportunistic species at mussel farms compared to reference sites (Chamberlain et al. 2001 : Site 2), others have not detected significant differences (Chamberlain et al. 2001 : Site 1, Miron et al. 2005) . In some cases, 'non classical eutrophication responses,' such as greater Shannon-Wiener diversity index measures and biomass, have been observed at mussel farm sites (e.g. Grant et al. 1995) due to the presence of scavengers attracted by mussel drop-off. Differing effects may be explained in part by site (hydrodynamics, topography, background enrichment, sediment type) and culture (bivalve density, culture depth, mussel size) differences. Together, these factors may influence biodeposit production and dispersion (Giles & Pilditch 2004 , Callier et al. 2006 and therefore their potential impact on the benthic environment.
In this study, we evaluated the influence of suspended mussel Mytilus edulis L. culture on the chemical and biological benthic environment of Great-Entry Lagoon (GEL), Magdalen Islands, eastern Canada. At this site, Callier et al. (2006) observed that sedimentation rates directly under lines with mussels at least 1 yr old (1+) were twice those in areas 10 m distant, between the lines, and in other zones studied, i.e. sites with mussels less than 1 yr old (0+) and reference sites outside the mussel farm (R). It was predicted that the benthic condition in GEL will vary in relation to observed differences in organic sedimentation. Although several studies have examined the influence of bivalve culture on benthic environments, few have evaluated smaller-scale variations in benthic characteristics within a culture site (1) under long lines vs. between long lines or (2) in areas with juvenile bivalves (i.e. at the beginning of the growth cycle) vs. bivalves of commercial size. Such variation should be taken into account when evaluating the influence of bivalve culture on the benthic environment and when determining the environmental carrying capacity of sites for bivalve aquaculture.
The objective of this study therefore was to determine the influence of the mussel farm in GEL on the benthic environment at several spatial scales: 10 m scale (samples were taken at positions directly under mussel lines and 10 m distant, directly between mussel lines), 100 m scale (among multiple sites separated by ca. 100 m within each of 3 zones), and 1 km scale (among 0+, 1+ and R zones, which are separated by > 500 m). Sites were sampled at the 100 m scale to ensure the generality of the findings in GEL. We assessed effects in terms of both chemical (redox potential, sulphide concentration and percent organic matter [%OM] ) and biological (diversity, abundance, biomass, and community and trophic group structure) characteristics. The chemical indicators examined were chosen because these have been described as the most sensitive physicochemical indicators of organic enrichment (Hargrave et al. 1997) . Further, we compared the benthic community data from the current study with similar historical data in the study area to evaluate the longterm temporal changes in benthic community structure to better understand the importance of bivalve culture in influencing benthic communities.
MATERIALS AND METHODS
Study site. The mussel farm studied is located in GEL in the Magdalen Islands, eastern Canada (47°37' N, 61°31' W) (Fig. 1) . Detailed environmental conditions in the lagoon are provided in Callier et al. (2006) . The farm covers a total surface area of ca. 2.5 km 2 , has been in operation for about 23 yr and produces about 180 t of mussels annually. The 1+ mussels attain market size (5 to 6 cm) and are harvested and replaced by juveniles each fall. Thus the farm is divided into 2 zones which are stocked with either 0+ or 1+ mussel cohorts, the age classes in a zone alternating between years. Each zone contains ca. 200, 91 m longlines spaced 20 m apart. Water depth in the sampling area ranged from 5 to 7 m. During the sampling period, average surface temperature and salinity were, respectively, 18°C and 31 psu. The average water current velocity (at 4 m depth) during the summer of 2003 was 5 cm s -1 with a maximum of 18 cm s -1 (Callier et al. 2006 ). Sampling design. The study was conducted in summer (August 2003) , when biodeposit production is likely to be maximal (Hatcher et al. 1994) . Variations in sediment characteristics and benthic communities were evaluated at 3 spatial scales. At the largest scale (zones separated by at least 500 m: km scale), samples were collected in each of the 2 farm zones (0+ and 1+) and R (Fig. 1) . In order to account for natural variation in benthic characteristics, samples were taken in each of 4 randomly chosen sites separated by ca. 100 m within each zone (100 m scale). During the sampling period, we observed that one of the 4 R sites (the most northern site) was situated in a depositional zone for detritic seagrass Zostera marina and macroalgae. We thus decided to remove this site from subsequent analyses.
To evaluate the small-scale influence of the mussel farm, samples were taken directly under mussel lines (i.e. 0+ under and 1+ under ) and at positions 10 m NW of these, directly between the mussel lines (i.e. 0+ between and 1+ between ). The same sampling design was used at both mussel and R sites to allow for comparisons of small-scale spatial patterns in different zones. Thus, 'under' and 'between' positions in 0+ and 1+ zones correspond to SE and NW positions at reference sites, respectively (i.e. R under and R between positions) . At each position, 3 replicates were sampled using a wedge corer ( Fig. 1) with a vertical array of pre-drilled holes in the sides of the corer to take sediment sub-samples at -1, -3 and -5 cm sediment depths to determine chemical sediment characteristics. Samples were taken by SCUBA divers to ensure that the cores were returned to the surface as undisturbed as possible.
Sedimentation rates. Callier et al. (2006) evaluated sedimentation rates in GEL from June to September 2003. In sum, greater sedimentation was observed in the 1+ under position than in all other positions (which did not differ) in June. This trend changed as 0+ mussels grew and 1+ mussels were harvested to a situation where sedimentation was greatest in 0+ under positions in August and September.
Sediment geochemical characteristics. Redox potentials (Eh, mV, 2 replicates depth -1 core -1 ) were measured in the field, directly from the sediment core, using a combined reference and platinum redox electrode. The redox probe was calibrated using Zobell's solution. Eh was expressed as mV at ambient temperature relative to a normal hydrogen electrode (Eh NHE ). A cut off, 5 ml plastic syringe was pushed through holes at each depth to obtain sediment sub-samples. Sediment sulphide concentration (µM, 2 replicates depth -1 core -1 ) was determined using an Orion ® silver/silver sulphide electrode with a combined calomel electrode as reference. A sulphide anti-oxidant buffer solution was added to each sediment sub-sample. The analysis was done in the field and when storage was required for a short period of time (< 3 h), samples were placed on ice in the dark. Details of the methodology used are provided in Wildish et al. (1999) . Sediment %OM was calculated as the weight loss of dried material combusted at 450 o C for 5 h (Byers et al. 1978) . Macrofaunal community analysis. The corer sampled an area of 263 cm 2 to a depth of ca. 15 cm. Samples were gently sieved through a 500 µm mesh. The material retained on the sieve was preserved in a 5% formaldehyde-saline solution. Infaunal specimens were stored in 70% ethanol after sorting. Identifications were done to the lowest taxonomic level possible, usually to species. Sites were characterised in terms of total abundance, total biomass and diversity (number of species per site, S; Shannon-Wiener diversity index, H '; and equitability, J '). The biomass of each species was measured as blotted wet weight. All individuals of 
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N a v ig a t io n c h a n n e l -1 cm -3 cm -5 cm CORER Fig. 1 . Mussel farm (dotted polygon) in Great-Entry Lagoon (GEL) in the Magdalen Islands, Canada. The farm is divided into 2 zones based on the age classes of mussels within them: 0+ (less than 1 yr old, ); 1+ (greater than 1 yr old, d). s: reference sites. At each site, 3 core replicates were taken both directly under and between the mussel lines. Sampling sites from historical studies: (r), 1975; ( ), 1978; and ( ), 2004 . Sampling sites in 1982 were situated within the mussel farm but their exact positions are unknown.
PEI: Prince Edward Island a species in a core were grouped for biomass measurements. Animals were removed from tubes prior to biomass determination but the biomass of molluscs includes their shell weight (Weston 1990 ). Statistical analysis. Variations in redox potential, sulphide, %OM and univariate indices of the benthic communities were evaluated using ANOVA followed by Tukey multiple comparison tests with SYSTAT. Data were transformed when necessary to satisfy the assumptions of the statistical model (see Results for details). Nonparametric multivariate analyses of community structure, including multi-dimensional scaling (MDS), and SIMPER analyses (to determine the contribution of each species to the total similarity among samples within a given zone) were performed using PRIMER. Analyses were done using individual cores as replicates. Variation in benthic community structure was evaluated using DISTLM (a distance-based nonparametric multivariate analogue of ANOVA) (Anderson & Ter Braak 2003) . Multivariate pair-wise comparisons were done using ANOSIM. Data were √-transformed for all multivariate analyses. Species were classified into trophic groups according to the classification available in the literature (e.g. Word 1990 ).
Inter-annual comparison. The community structure based on abundance data observed in the present study (following > 20 yr of mussel aquaculture) was compared to similar data from 3 periods: (1) before the farm was established, in 1975 (Bourget 1976 , Bourget & Messier 1982 2 grab samples sieved on a 500 µm screen) and 1978 (J. Munro unpubl. data: 560 cm 2 grab samples sieved on a 500 µm screen); (2) at the start of farming activities, in 1982 (Élouard et al. 1983 : 625 and 1000 cm 2 grab samples sieved on a 1 mm screen); and (3) after the mussels in the 1+ zone were harvested, in 2004 (M. D. Callier et al. unpubl . data: 78.5 cm 2 core samples sieved on a 500 µm screen). In all but one case (Élouard et al. 1983 ), the raw georeferenced data was available and provided by the appropriate authors (see Fig. 1 ). In the case of Élouard et al. (1983) , only means of 8 samples from the general area within the present culture site on each of 3 sampling dates (June, August and October) were available from the publication. In all other cases, sampling was done in August. Because of taxonomic inconsistencies among the different data sets, the combined data set was reduced such that each taxa was at the same level of taxonomic resolution. Thus, although most taxa were identified to the species level, some were grouped at higher taxonomic levels (e.g. Capitellidae). 
RESULTS
Sediment geochemical characteristics
Sediment redox potentials, sulphide concentrations and %OM did not differ among zones (0+, 1+ and R) or between positions (under vs. between), but all measurements varied significantly with depth (Table 1) . The greatest sulphide concentrations and the lowest redox potentials were recorded at -3 and -5 cm (Fig. 2) . %OM decreased significantly with increasing sediment depth ( . Although a visual inspection of the data (Fig. 3) suggests that abundance was greatest in the 0+ zone, this effect was not statistically significant (Table 2) . Biomass differed significantly among zones (Table 2) such that the greatest biomass was observed in the 0+ zone and the lowest in the 1+ zone. However, part of this pattern was driven by the presence of 6 large individuals (Ensis directus, Nereis virens, Glycera dibranchiata and 3 Yoldia limatula with body mass ranging from 100 to 10 4 mg wet wt) within separate replicates. As the sampling protocol was not designed to sample this size class of organism (see Andrew & Mapstone 1987) , these organisms were removed from the data set and the analysis rerun (see biomass* in Table 2 ). The new analysis supported the original results (Fig. 3) .
Species diversity
A total of 45 species was observed. The number of species observed was a function of the interaction Table 1 Sites Number of species between zone and position ( Table 2 ), such that the greatest number of species was recorded in the 0+ zone and the lowest in the 1+ zone, with a trend for greater and lesser richness directly under lines in the 0+ and 1+ zones, respectively (Fig. 3) . Both H ' and J ' differed significantly among zones (Table 2) such that H ' was greatest in the 0+ zone and least in the 1+ zone and J ' was least in the 1+ zone (Fig. 3) .
Community structure Analysis of community structure based on abundance and biomass data showed the same pattern. Samples from R, 0+, 1+ between and 1+ under sites formed clusters that were distinct (Fig. 4) and significantly different (Tables 3, 4 ) from one another. DISTLM analysis showed that, other than variation among replicates, differences among zones explained the greatest proportion of the variation in community structure (Table 3) .
The average abundance and biomass of the dominant species as well as their contribution to the similarity among replicates within zones and positions are given in Table 5 . In the R zone, Pectinaria granulata, juvenile Macoma calcarea and Polydora ciliata were the most abundant species, while Heteromastus filiformis and P. ciliata accounted for the greatest biomass. In the 0+ zone, juvenile M. calcarea, Hydrobia minuta and P. granulata were the most abundant species. The greatest biomass was represented by P. granulata and Nassarius trivittatus at 0+ between positions, whereas juvenile Nereis sp. Fig. 4 . Non-metric multi-dimensional scaling illustrating variation in community structure (√-transformed) among R (white), 0+ (grey) and 1+ (black) zones in both between (triangles) and under (circles) mussel line positions. Results from the corresponding DISTLM analysis are given in Table 3 and pair-wise comparisons (ANOSIM) in Table 4 represented the greatest biomass. The dominance of these 2 species switched in the 1+ under positions, where C. capitata represented 59% of the total biomass.
Trophic structure
Of the species observed, 18 were deposit feeders, 8 were suspension feeders (e.g. Spio filicornis, Polycirrus sp. Mya arenaria, Ensis directus, Dyastylis polita), and 8 were carnivores (e.g. Retusa canaliculata, Nephtys caeca, Harmothoe imbricata). All communities were dominated by deposit feeders (Table 6 ) which accounted for more than 70% of the total number of individuals in each zone. Suspension feeders accounted for ca. 10% of the abundance at reference and 0+ sites.
Inter-annual comparison MDS analysis showed that benthic community structure differed among years (Fig. 5) . However, samples taken from before (1975) , at the start of (1982) and after > 20 yr of mussel culture (2004) in the lagoon were relatively similar and different from samples taken in and 2003 . In fact, comparing samples from 1975 , 1982 and 2004 shows that differences in benthic community structure among these 3 periods are no greater than differences observed between years within periods, i.e. before (1975 and 1978) and after (2003 and 2004 ) the start of mussel culture. The similarity among samples from 1975, 1982 and 2004 can be explained largely by the dominance of the carnivorous gastropod Retusa canaliculata and the extent to which its presence contributes to the within-year similarity among replicates (30-50%, Table 7 ). The deposit feeder Tellina agilis was also common in each of those 3 yr. In 1975 and 1982, the benthic community was characterised by a Retusa-TellinaSpisula association and in 2004 by a Retusa -Nassarius -Hydrobia association ( dominance of deposit feeders (81% of all organisms, see Table 7 ).
DISCUSSION
We examined the influence of a 23 yr old mussel farm on the sediment and infaunal benthic community at multiple spatial scales. As a concomitant study (Callier et al. 2006 ) observed a greater flux of organic matter to the bottom in some zones and positions relative to others, we predicted that we would observe corresponding chemical and biological signatures.
Sediment geochemical characteristics
The flux of organic matter to the bottom in June and July ranged from 5 to 11 g OM m -2 d -1 at R and 1+ under positions, respectively (Callier et al. 2006 ). This flux represents approximately 1 to 3 g C m -2 d -1
, based on 30% carbon in organic matter (Holmer et al. 2005) . Sedimentation rates of 1 to 5 g C m -2 d -1 may result in hypoxic sediments and increases in sulphate reduction around bivalve aquaculture sites (Dahlbäck & Gunnarsson 1981) . Thus, it was predicted that increased organic loading resulting from the presence of mussel lines would increase the organic content of the sedi- Deposit feeders 79 ± 11 75 ± 2 82 ± 8 71 ± 8 84 ± 5 85 ± 4 Carnivores 7 ± 6 1 ± 2 4 ± 2 7 ± 2 5 ± 4 4 ± 1 Suspension feeders 9 ± 7 10 ± 10 10 ± 5 12 ± 4 6 ± 1 6 ± 3 Herbivores 1 ± 1 2 ± 3 0 ± 0 0 ± 0 0 ± 0 0 ± 0 Omnivores 2 ± 2 3 ± 2 1 ± 1 4 ± 3 1 ± 0 1 ± 1 Not determined 2 ± 4 10 ± 8 3 ± 3 6 ± 8 3 ± 1 3 ± 1 Table 6 . Composition of trophic groups (% ± SD) at the R, 0+ and 1+ zones in both between and under positions ments and consequently lead to a localized reducing environment characterized by negative redox potentials and increased sulphide concentrations in the sediments. However, none of the sediment characteristics varied significantly among zones or positions. It was predicted that the greatest %OM would be observed in 1+ under sediments, where the greatest sedimentation rates were recorded (Callier et al. 2006) . Although the average %OM at the -1 cm depth tended to be greatest at 1+ under sites (see Fig. 2 ), this was not statistically significant. The analysis of the labile component of the OM in the 0 to 0.5 cm of the sediment surface, where the biodeposits accumulate, would have probably been a more appropriate method to detect difference between zones (Nickell et al. 2003) . White mats, likely the sulphur bacteria Beggiatoa spp., were observed directly under the 1+ mussel lines (pers. obs.), as they have been in mussel culture sites elsewhere (Grant et al. 1995) . The presence of Beggiatoa indicates that reducing conditions have reached the sediment-water interface at those sites (Holmer et al. 2005) Sediment sulphide concentrations increased with depth at all sites and were typically > 2000 µM, indicating hypoxic benthic conditions (Wildish et al. 1999) . Redox potentials decreased slightly with depth, as is expected in muddy and silty habitats (Diaz & Rosenberg 1995) . However, both parameters did not differ among zones. Sediment redox potential and sulphide levels can be used to detect the effects of high organic loading under fish cages (Hargrave et al. 1997 , Anderson et al. 2005 ), but were probably not sensitive enough to detect the effect of mussel biodeposition. Other recent studies on bivalve aquaculture have reached the same conclusion (Anderson et al. 2005 , Miron et al. 2005 . Anderson et al. (2005) suggested that in depositional environments where the content of organic matter is naturally high, biodeposition from cultured bivalves does not significantly affect these parameters.
Relatively small increases in sedimentation, as measured in GEL by Callier et al. (2006) , may have been obscured by background processes. Giles et al. (2006) suggested that rapid mineralization of mussel biodeposits in mussel farms may lead to a decoupling of sedimentation and sediment characteristics. Detritus from other sources within culture sites, such as plankton, seagrass or biodeposits from species associated with the cultured species (Stenton-Dozey et al. 2001) , may further obscure the influence of mussel biodeposition. For example, Giles (2006) has estimated that only 14% of the increased biodeposition within a mussel culture site in New Zealand was due to mussel faeces biodeposition.
Benthic community
Subtle changes in environmental conditions may be reflected in altered biomass or species composition of macrofaunal communities before they are detectable in sediment chemical properties (Weston 1990 , Edgar et al. 2005 Table 7 . Results of SIMPER analysis (√-transformed data) to show major differences in community structure among sample years. Average abundances (N, ind. m -2 ) and the % contribution of the major taxa to within-year similarities (%) are shown. Data compared are from 1975 (Bourget 1976 , Bourget & Messier 1982 (J. Munro et al. unpubl. data), 1982 (Élouard et al. 1983 (the present study) and 2004 (M. D. Callier at al. unpubl. data) using both univariate and multivariate indices; the observed differences were likely due to differences in deposition rates among zones and positions.
Although not statistically significant, the abundance of benthic fauna tended to be greatest in the 0+ zone. Biomass was greatest in 0+ sites, largely due to the presence of Nephtys caeca, Nassarius trivittatus, Pectinaria granulata, and juvenile Nereis spp. that probably benefit from the moderate organic loading. Various responses have been observed in terms of biomass at mussel farms. Kaspar et al. (1985) did not detect a pattern with respect to biomass but other studies have observed either lower (Stenton-Dozey et al. 1999 ) or greater (de Jong 1994 , Grant et al. 1995 biomass under mussel farms, the latter being due at times to the presence of scavengers attracted by mussel drop-off.
All measures of diversity evaluated (S, H ' and J ') were reduced in the 1+ zone and S and H ' were greatest in the 0+ zone. Other studies have reported decreases in S and H ' (Mattsson & Lindén 1983 , Kaspar et al. 1985 , Stenton-Dozey et al. 1999 , Chamberlain et al. 2001 ) of benthic macrofaunal communities under mussel cultures. Low H ' in the 1+ zone resulted from the low number of species present. The dominance of the Capitella capitata at 1+ under positions and of juvenile Macoma calcarea at 1+ between positions further contributed to the low H ' and accounted for the low J ' values in the 1+ zone.
In the present study, the analysis of trophic structure was not useful for detecting differences between mussel farm and reference zones as the communities in all zones were dominated by deposit feeders, indicating a generally enriched environment. This is likely related to the high level of organic sedimentation in the lagoon (1 to 3 g C m -2 d -1
). Benthic communities in organically enriched areas are typically dominated by deposit feeders (Pearson & Rosenberg 1978) while suspension feeders often dominate less organically rich environments, as organic debris may have a smothering impact, preventing them from thriving (Kaspar et al. 1985) . The results obtained from studies on trophic structure in mussel farms are inconsistent. Mattsson & Lindén (1983) observed higher abundances of deposit feeders at mussel culture sites compared to reference sites. In contrast, others have observed a dominance of predators and carnivores under mussel farms (de Jong 1994 , Grant et al. 1995 , Stenton-Dozey et al. 1999 ) that profit from mussel drop-off. Thus, care should be taken in using deposit feeders as indicators of organic enrichment at bivalve farms. This is particularly true in coastal areas where many such farms are located and which have naturally organically enriched sediments (Miron et al. 2005) .
Although effects were not detected with trophic structure analysis, species-level effects were apparent in this study at both large and small spatial scales. Macoma calcarea was, overall, dominant in all sites in 2003. However, the initial spatfall and distribution of Macoma sp. has been shown to be largely a function of hydrodynamic processes (Armonies & HellwigArmonies 1992) . The juveniles then undergo a secondary dispersal into low intertidal and infralittoral areas. Their importance in signalling organic inputs is therefore doubtful and they are not discussed further.
R and 0+ zones were dominated by Polydora ciliata, Pectinaria granulata, and Heteromastus filiformis with Hydrobia minuta also being dominant in the 0+ zone. Some species, such as H. minuta, may have benefited from the moderate organic loading in the 0+ zone. This was apparent by their great abundance there and near absence in other zones. Other abundant species, such as P. granulata and P. ciliata, are generally abundant in both the 0+ and reference zones and may reflect a general enrichment of the lagoon as they are characteristic of an intermediate stage of organic enrichment (Pearson & Rosenberg 1978) . Communities differed at small spatial scales but only within the 1+ zone. 1+ between positions were dominated by P. ciliata and Capitella capitata while at 1+ under positions P. ciliata was absent and C. capitata increased in abundance by more than a factor of 12. This suggests a shift from an intermediately enriched environment between mussel lines to a greatly enriched stage directly under the 1+ under lines, only 10 m distant. Such a switch between P. ciliata and C. capitata has been described in the past (Pearson & Rosenberg 1978) , with P. ciliata living at the edge of an enriched area dominated by C. capitata. C. capitata is a non-specialized surface deposit feeder and has some resistance to sulphide toxicity and hypoxia (Diaz & Rosenberg 1995) .
A number of biological interactions may also explain the absence of other species at 1+ sites. The mussels may have had indirect effects on infaunal community structure by feeding on the larvae of infauna (Woodin 1976 ) and generally decreasing food resources (Peterson & Black 1987) . In contrast, Commito & Boncavage (1989) have shown that mussels do not affect the abundance of infaunal species that do not disperse as planktonic larvae. Capitella sp. produces broods of 30 to 400 eggs which develop into lecithotrophic larvae that are competent to settle almost immediately after being released by female worms (Linton & Taghon 2000) , possibly partly explaining the abundance of this species in 1+ under positions. Predation by large invertebrates attracted by the presence of fallen mussels (de Jong 1994 , Grant et al. 1995 may also have an influence on the infauna. For example, lobsters were observed feeding on razor clams Ensis directus in the culture site during this study. Since benthic effects as described above may be limited to the areas directly under the mussel lines, remote methods (i.e. ship-deployed) are likely to be less efficient for detecting such localized effects. Studies using direct sampling methods (i.e. SCUBA divers) have often observed accumulations of scavengers attracted by mussel drop-off (e.g. de Jong 1994, Grant et al. 1995 ) that have not been observed using remote methods. This may have an impact on our perception of the role of bivalve culture on the benthic environment and make comparisons between studies difficult.
Historical data
The present study showed localized effects of mussel culture. The comparison between 1+ under and 1+ between positions that were only 10 m apart showed that nearfield benthic effects were likely due to the biodeposition of the mussels and not other intrinsic features within the zone. However, all zones showed some indications of organic enrichment and it is difficult to determine if the benthic communities at the 0+ and R zones were under a diffuse and broader influence of the mussel farm or if the mussel farm had no influence on those zones. Indeed, there are a number of factors that may explain such general organic enrichment in GEL. The lagoon is a very complex system as various modifications have occurred within it over the past half century. A causeway that separates GEL from the lagoon to the south (see Fig. 1 ) was constructed in 1947. A navigation channel was dredged in the 1980s for a port constructed in GEL. Islands were also constructed with the material dredged during this activity (e.g. the island next to the opening of the channel in Fig. 1 ). Commercial mussel farming was initiated in the early 1980s. Traditional ecological knowledge also suggests that Zostera marina beds have expanded considerably in recent years. Separating the importance of these different factors, which may modify currents and/or sedimentation rates and thus benthic community structure, is difficult.
To address this question, the benthic communities observed in the present study were compared to others conducted before the mussel farm was established (1975, 1978) , at the start of farming activities (1982) , and after the 1+ mussels were harvested (2004) . Although the comparison was difficult because of differences in site locations (see Fig. 1 ) and sampling methods, some observations could be made. Benthic communities differed among years, but 1975, 1982, and 2004 were similar. Retusa canaliculata and Tellina agilis were very abundant in all years except 2003. This Retusa -Tellina association has been previously observed in neighbouring Prince Edward Island (see PEI, Fig. 1 ) by Hughes & Thomas (1971) . They also mentioned the presence of a Yoldia -Tellina association with R. canaliculata and Pectinaria granulata for deeper sites. Miron et al (2005) also reported that the gastropods R. obtusa and Nassarius trivittatus and the bivalves T. agilis and Yoldia limatula were the dominant species at mussel farm sites in PEI (Fig. 1) .
The 2003 community was dissimilar to the others largely due the absence of the suspension feeder Spisula spp., the lesser abundance of the carnivore Retusa canaliculata and the greater abundance of Capitellidae and Macoma sp. Weisberg et al. (1997) indicated that Spisula sp., Retusa sp. and Macoma sp. are pollutionsensitive taxa, while Capitellidae is a pollution-tolerant family. As discussed above, the great abundance of Macoma calcarea in 2003 was probably due to their recruitment to the deeper part of the lagoon, as M. calcarea is a typical intertidal species (Bourget 1976) . The absence of Spisula spp., a large active suspension feeding bivalve, is possibly explained by greater organic input related to mussel farming. One yr after the mussel harvest (2004), Capitella capitata was almost absent, indicating that the organic enrichment decreased rapidly. However, the presence of the deposit feeders Nassarius trivittatus, Heteromastus filiformis and Hydrobia minuta in 2004 indicates that the sediment was still organically rich. Bourget (1976) and Bourget & Messier (1982) suggested that the low benthic diversity and biomass in the middle of GEL was characteristic of an 'unstable community'. They also compared the biomass of the benthos in GEL to other regions and found that it was considerably lower than that observed elsewhere (e.g. PEI). In 1978, Munro et al. (unpubl. data) observed lower macrofaunal diversity and abundance in the deeper part as compared to other parts of the lagoon. They also found that the sites > 4 m deep were characterized by a greater proportion of mud than other parts of the lagoon. Water currents are reduced in the deeper parts of the lagoon and water turnover in the area, where the mussel farm is located, is ca. 25-40 d (Koutitonsky & Tita 2006) . This relatively low flushing rate likely contributes to the general hypoxic conditions of the sediment, especially when winds are weak and water temperatures high, as observed in August. Degradation of seagrass and algae detritus during the ice-covered winter months may further contribute to the general hypoxia of the deeper parts of the lagoon.
Irrespective of the source of variation among infaunal communities among sampling periods (before, at the start of and following > 20 yr of mussel farming), several observations may be made. First, macrobenthic community samples taken from each of these 3 periods are, at times, quite similar. Second, differences in community structure between years within periods are at least as large as differences among community structures among periods. Together, this suggests that any impacts associated with aquaculture, at decadal temporal scales, will be hidden by natural temporal variation in benthic macrofaunal community structure. The data from the current study showing a preponderance of deposit feeders in 2003, especially in the 1+ under position, suggest that mussel aquaculture does have local enrichment effects. However, any such effects seem to disappear within 1 yr, as indicated by the structure of benthic communities in 2004.
